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ABSTRACT

In order to systematically analyze the effects of
nucleoside modification of sugar moieties in DNA
polymerase reactions, we synthesized 16 modified
templates containing 2',4'-bridged nucleotides and
three types of 2',4'-bridged nucleoside-5'-triphos-
pates with different bridging structures. Among the
five types of thermostable DNA polymerases used,
Taq, Phusion HF, Vent(exo-), KOD Dash and
KOD(exo-), the KOD Dash and KOD(exo-) DNA poly-
merases could smoothly read through the modified
templates containing 2'-0,4'-C-methylene-linked
nucleotides at intervals of a few nucleotides, even
at standard enzyme concentrations for 5min.
Although the Vent(exo-) DNA polymerase also read
through these modified templates, kinetic study
indicates that the KOD(exo-) DNA polymerase was
found to be far superior to the Vent(exo-) DNA poly-
merase in accurate incorporation of nucleotides.
When either of the DNA polymerase was used, the
presence of 2',4'-bridged nucleotides on a template
strand substantially decreased the reaction rates of
nucleotide incorporations. The modified templates
containing sequences of seven successive 2',4'-
bridged nucleotides could not be completely tran-
scribed by any of the DNA polymerases used;
yields of longer elongated products decreased in
the order of steric bulkiness of the modified
sugars. Successive incorporation of 2',4’-bridged
nucleotides into extending strands using 2',4'-
bridged nucleoside-5'-triphospates was much
more difficult. These data indicate that the sugar

modification would have a greater effect on the
polymerase reaction when it is adjacent to the elon-
gation terminus than when it is on the template as
well, as in base modification.

INTRODUCTION

Enzymatic DNA polymerizations using modified nucleo-
tides have been used to study the mechanism of polymer-
ase reactions (1-6), and to apply modified DNA to
SELEX (systematic evolution of ligands by exponential
enrichment) (7-13) or non-SELEX selections (14,15) that
create modified DNAzymes and modified DNA aptamers
(16-25). Several years ago, our group and Wengel and
co-workers independently developed 2'-0,4’-C-methylene
bridged/locked nucleic acid [2',4’-BNA (26,27)/LNA (28)].
The 2/,4-BNA/LNA and its analogs are one of the most
promising candidates for antisense drugs, miRNA detect-
ing probes, decoy oligonucleotides, etc. (29-31). These
types of modification have been found to improve nucle-
ase resistance to DNA (32,33), which is an important
property for the biological use of DNAzymes, DNA apta-
mers and the aforementioned functional oligonucleotides.
Therefore, in the current study, we synthesized oligo-
DNA templates containing 2',4’-bridged nucleotides
[2,4-BNA/LNA (27,34), 2/.4-BNAC°C (35) and 2/ .4-
BNANC (36,37)] and their 5'-triphosphate derivatives to
systematically analyze how the chemical structures of
modified sugars affect the primer extension reaction.
We also examined the effects of the type of DNA polym-
erase on polymerization using these types of modified
nucleotides.

Regarding enzymatic polymerization using these mod-
ified nucleotides, we consider two reactions. One is the
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production of modified DNA from a natural DNA tem-
plate using a modified triphosphate, and the other is the
production of natural DNA from a modified DNA tem-
plate using a natural triphosphate. Previously, we synthe-
sized modified DNA primers and templates containing
C5-modified thymidine, and demonstrated that modifica-
tion to the extending strand decreased the catalytic
efficiency of polymerase to a far greater extent than modi-
fication to the template strand did (38). Modification to
the sugar backbone is also interesting to consider. Modi-
fication to this moiety has greater effects on the polymer-
ase reaction than that to the base moiety in many cases,
and the study of such effects may also be useful in clarify-
ing the mechanism of the reaction.

MATERIALS AND METHODS
General

A TC-312 thermal cycler (Techne, Stone, Staffordshire,
UK) was used for primer extension experiments and
kinetic studies. Reaction products were resolved by dena-
turing PAGE using a vertical electrophoresis unit (Nihon
Eido, Tokyo, Japan) at 48°C in an M-260F incubator
(Taitec, Saitama, Japan). Bands were imaged using a
Molecular Imager FX (Bio-Rad, Hercules, CA, USA)
equipped with an external laser module and quantified
with the software Quantity One (Bio-Rad).

Materials

The following commercially available thermostable DNA
polymerases were purchased: Tag (Takara Bio, Siga,
Japan), Phusion  High-Fidelity (Finzymes, Espoo,
Finland), Vent(exo-) (New England Biolabs, Hitchin,
Herts, UK) and KOD Dash (Toyobo, Osaka, Japan).
KOD(exo-) DNA polymerase was supplied by Toyobo.
KOD(exo-) is an enzyme genetically engineered to elim-
inate the 3,5 exonuclease activity from KOD, and KOD
Dash is a mixture of KOD and KOD(exo-) (39,40).

Natural  2’-deoxynucleoside-5'-triphosphates  (dATP,
dGTP, dCTP and TTP) were obtained from Roche
Diagnostics, Basel, Switzerland. The chemical structures
of 2/,4'-bridged nucleotides, i.e. K, L, M and K,, and
thymidine 5'-triphosphate analogs, i.e. KTP, LTP and
MTP, are shown in Figure 1. Four types of 2/,4’-bridged
nucleosides, their amidite derivatives and the correspond-
ing oligodeoxynucleotides were synthesized according to
previously published procedures (34-37). The tripho-
sphate analogs were synthesized according to the
method of Kovacs and Otvos (41). Sequences of oligo-
BNA templates (T2-T7, T9-T12) containing K, L, M
and K, are listed in Table 1. Primers P1 and P2 and
templates T1, T8 and T13 were purchased from JBioS,
Saitama, Japan. To detect and quantify extension pro-
ducts, the 5'-ends of the primers were labeled with 6-car-
boxyfluorescein (6-FAM). Synthetic procedures and
spectroscopic data of the triphosphate analogs and
oligo-DNA templates (T2-T13, T15-T18) are provided
in the Supplementary Material.

Primer extension experiments using oligo-DNA templates
containing 2',4'-bridged nucleotides

Primer extension reactions were performed in a 20 pl reac-
tion volume, containing 0.4 uM of a primer (P1), one of
the templates (T1-T18) at 0.4 uM, an appropriate concen-
tration of thermostable DNA polymerase, reaction buffer
supplied with an enzyme (at 1x concentration) and
200uM  of 2’-deoxyadenosine-5'-triphosphate (dATP)
when templates (T1-T13) were used, or thymidine-5'-tri-
phosphate (TTP) when templates (T14-T18) were used.
A reaction with a natural template (T1 or T14) was used
as a positive control, and a reaction with water in place of
T1 or T14 was used as a negative control. The assays were
performed with one of the modified templates (T2-T13)
containing the 2',4’-bridged thymidine analogs (K, L or
M) in place of T1. Also, one of the modified templates
(T15-T18) contained the 2',4’-bridged adenosine analog
(K4) instead of T14. The final concentrations of the
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Figure 1. Chemical structures of 2'.4'-bridged nucleotides and triphosphate analogs used in this study; K, K, and KTP (the type of 2',4'-BNA/LNA),
L and LTP (the type of 2/,4-BNAC9S), and M and MTP (the type of 2/,4-BNAN).



Table 1. Primers and templates used in this study
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Primers

P1 5'-FAM- GGCGTTGAGTGAGTGAATGAGTGAGT -3
P2 5-FAM- GGCGTTGAGTGAGTGAATGAGTGAGTA -3
Templates

Tl 3- CCGCAACTCACTCACTTACTCACTCATTTTTTITTTTT -5
T2 3- CCGCAACTCACTCACTTACTCACTCATKTTTKTTTTT =5
T3 3- CCGCAACTCACTCACTTACTCACTCATKTTKTTKTTT =5
T4 3- CCGCAACTCACTCACTTACTCACTCATKTKTKTKTTT =5
TS 3- CCGCAACTCACTCACTTACTCACTCATKKKKKKKTTT =5
T6 3- CCGCAACTCACTCACTTACTCACTCATLTTTLTTTTT =5
T7 3- CCGCAACTCACTCACTTACTCACTCATLTTLTTLTTT =5
T8 3- CCGCAACTCACTCACTTACTCACTCATLTLTLTLTTT =5
T9 3- CCGCAACTCACTCACTTACTCACTCATLLLLLLLTTT -5
T10 3- CCGCAACTCACTCACTTACTCACTCATMTTTMTTTTT =5
Tl1 3- CCGCAACTCACTCACTTACTCACTCATMTTMTTMTTT =5
T12 3- CCGCAACTCACTCACTTACTCACTCATMTMTMTMTTT -5
T13 3- CCGCAACTCACTCACTTACTCACTCATMMMMMMMTTT =5
T4 3- CCGCAACTCACTCACTTACTCACTCAAAAAAAAAAAA =5
T1S 3- CCGCAACTCACTCACTTACTCACTCAAKAAAAKAAAAAA -5
T16 3- CCGCAACTCACTCACTTACTCACTCAAKAAAKAAAKAAAA =5
T17 3- CCGCAACTCACTCACTTACTCACTCAAKAAKAAKAAKAAAA =5
T18 3- CCGCAACTCACTCACTTACTCACTCAAKAKAKAKAKAKAKAAAA -5
T19 3- CCGCAACTCACTCACTTACTCACTCAAAAAAAAA =5

thermostable DNA polymerase in each reaction mixture
was 0.025U/ul for Tag, 0.010U/ul for Phusion HF,
0.020 U/ul for Vent(exo-), 0.0025U/ul for KOD Dash
with templates (T1-T13), 0.0050 U/ul for KOD Dash
with templates (T14-T18), 0.0025 U/ul for KOD(exo-) with
templates (T1-T13) and 0.0050 U/ul for KOD(exo-) with
templates (T14-T18) for the ‘lower enzyme concen-
trations’. The concentrations were 0.25U/ul for Tag,
0.10U/ul for Phusion HF, 0.20U/ul for Vent(exo-),
0.025U/ul for KOD Dash with templates (T1-T13),
0.050U/ul for KOD Dash with templates (T8-T12),
0.025U/ul for KOD(exo-) with templates (T1-T7) and
0.050 U/ul for KOD/(exo-) with templates (T14-T18) for
the ‘higher enzyme concentrations’. The lower concentra-
tions are the standard conditions recommended by manu-
facturers, except for KOD Dash and KOD(exo-) DNA
polymerases; the recommended concentrations of these
two polymerases are around 0.025-0.050U/ul. The
higher concentrations were set 10-fold higher than the
lower concentrations. All reactions were performed by
denaturation for 1.5min at 94°C, annealing for 0.5min
at 52°C and extension for Smin at 74°C (72°C only for
Phusion HF), successively. The reaction products were
resolved by denaturing PAGE, and gel images were
recorded with excitation of the 5-labeled fluorophore at
488 nm (Figure 2). The yields of elongated products were
calculated from the intensity of each band on gel images
visualized by the detection of the 5-labeled fluorophore.
The total amount of elongated products was set at 100% in
each reaction mixture, and the calculated yields were the
averages of three independent experiments.

Kinetic analysis of the nucleotide incorporation opposite
2',4'-bridged thymidine

To study how 2',4'-bridged nucleotides on the template,
located on the opposite site of elongation terminus of the
primer, affect the accuracy of nucleotide incorporation
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Figure 2. Representative gel images of the reactions using template
BNA containing K with KOD Dash and Tag DNA polymerases. The
reaction mixtures contained template T1 (lanes 2 and 7), T2 (lanes 3
and 8), T3 (lanes 4 and 9), T4 (lanes 5 and 10) or TS (lanes 6 and 11).
Extension was performed at lower (lanes 2-6) and higher concen-
trations (lanes 1, 7-11). The negative control does not contain the
template strand (lane 1). The thermostable DNA polymerases used
were KOD Dash (A) and Taq (B).

during DNA polymerase reaction, we performed nucleo-
tide incorporation reactions using the template T1 or T5
and 5-(6-FAM)-labeled primer (P2) together with dNTP.
The reaction was performed at 40°C because it was diffi-
cult to monitor the reaction at the optimal temperature of
the enzymes (~75°C). The templates T1 and TS have the
same sequence, but T1 consists of four natural nucleotides
and T5 has seven consecutive 2',4’-bridged thymidines (K),
as shown in Table 1. Two types of DNA polymerases,
Vent(exo-) and KOD (exo-), which lack 3,5 exonuclease
activity, were used as the enzyme to compare the fidelity of
DNA polymerases. Reaction mixtures (18 pl) containing
the primer (P2) at 0.4uM, the template T1 or TSat
0.4uM, one of the 2'-deoxynucleoside-5'-triphosphates
(dATP, dGTP, dCTP or TTP) at 800 uM and the reaction
buffer supplied with the enzyme (at 1x concentration)
were denatured at 95°C for 1.5min with the thermal
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cycler and then annealed at room temperature for 30 min.
The mixtures were then set aside on an ice bath for 10 min.
Subsequently, enzyme solutions [0.4U for Vent(exo-),
0.0125U for KOD(exo-)] were added to the mixture,
and the reaction tube was quickly placed in a thermore-
gulated bath and incubated at 40°C during the reaction.
After the reactions were started, the reaction tubes were
removed from the bath sequentially, and immediately
quenched by freezing in liquid nitrogen. The frozen reac-
tion mixtures were then mixed with 4 ul of 40mM EDTA
containing 0.1% bromophenol blue and 24 pl of 7M urea
containing 3mM EDTA, and then were melted into a
homogeneous solution by vortexing. The sample solutions
were resolved by denaturing PAGE, and gel images were
recorded on the imager. The amount of reactant and pro-
ducts was measured from the intensity of each band with
excitation at 488 nm to visualize the 5'-labeled fluoro-
phore. The decrease of the primer ratio (%) was obtained
from band intensities of the primer and its elongated pro-
ducts (Figure S3). The data of the time-dependent
decrease were fit to hyperbolic saturation curves by the
least squares method using OriginPro ver.8.

Primer extension experiments using 2’,4'-bridged nucleoside
triphosphate analogs

To investigate enzymatic incorporation of 2/.4’-bridged
nucleotides into a DNA strand, primer extension reactions
were performed in a 20l reaction volume containing
0.4 uM of a primer (P1), 0.4 uM of a template (T19), an
appropriate concentration of a thermostable DNA poly-
merase, a reaction buffer supplied with the enzyme (at 1x
concentration) and a nucleoside triphosphate at 200 uM.
A reaction mixture with natural TTP was used as a posi-
tive control. The assays were performed with one of the
2',4'-bridged nucleoside triphosphate analogs (KTP, LTP
or MTP) in place of TTP; a reaction with water in place of
TTP was used as a negative control. The final concentra-
tions of the thermostable DNA polymerase in each reac-
tion mixture were 0.10U/ul for Phusion HF and
0.050U/ul for KOD Dash. At these enzyme concentra-
tions, the high polymerase activity of Phusion HF and
KOD Dash polymerases caused an overreaction and
decreased the yield of the product for the positive controls;
therefore, we reduced their concentrations to 0.010 and
0.0050 U/ul, respectively, to obtain an optimal yield of
the product. All reactions were performed by denaturation
for 1.5min at 94°C, annealing for 0.5min at 52°C and
extension for Smin at 72°C for Phusion HF and 74°C
for KOD Dash, successively. The reaction products were
resolved by denaturing PAGE, and gel images were
obtained, as mentioned earlier (Figure 2).

RESULTS AND DISCUSSION
Primer extension experiments using a variety of template BNA

We systematically investigated the effects of insertion
intervals of bridged nucleotides, chemical structures of
bridged moieties, the base type of bridged nucleotides
and the types of DNA polymerases on DNA polymeriza-
tion (Figures 2 and 3). Template BNA T2, T6, T10 and

T15 contain K, L, M and K, at intervals of three nucleo-
tides; T3, T7, T11 and T16 contain K, L, M and K, at
intervals of two nucleotides; T4, T8, T12 and T17 contain
K, L, M and K, at intervals of one nucleotide, respectively
(Table 1). Templates TS5, T9, T13 and TI18 contain
sequences of the seven successive Ks, Ls, Ms and K,s,
respectively.

In Figure 3, the y-axis of these graphs indicates the yield
of the product, and the x-axis indicates the number of
residues (dAs or Ts) incorporated into the extending
strand. The gray and black bars indicate the yield of the
reaction at lower and higher enzyme concentrations,
respectively. The primer is elongated by 11nt to give the
full-length product. However, incorporation of over 11 nt
was observed even in the positive controls, except for
graph 6A for Phusion HF. This may have occurred
because of DNA template slippage (42,43), or nontem-
plated nucleotide addition at the 3’-end by the action of
the polymerases used (44). In the cases of T2-T4, when
KOD Dash was used at higher enzyme concentrations,
the sum of the yields of products that included an 11
or more nucleotide eclongation was quantitative, as
shown in graphs 1B-D. Similarly, when Vent(exo-) and
KOD/(exo-) were used at higher enzyme concentrations,
the full-length and longer elongated products were given
in quantitative yields (graphs 7B-D and 8B-C) or ~90%
yield (graph 8D). On the other hand, when Taq was used
at higher enzyme concentrations, the yield was ~90% in
the case of T2 and T3 (graphs 5B and C), but only 13% in
the case of T4 (graph SD). Also, when Phusion HF was
used at higher enzyme concentrations, the yield was only
8, <1 and 3% in the case of T2, T3 and T4, respectively
(graphs 6B-D). In addition, degradation of the primer
was observed due to its strong 3',5 exonuclease activity.
These results indicate that KOD Dash, Vent(exo-) and
KOD(exo-) are superior to Taq and Phusion HF in the
production of natural DNA from the template BNA.
Among these DNA polymerases used, only Tag DNA
polymerase, which belongs to family A, is derived from
bacteria, and the rest were obtained from archaea.
Previously, it was demonstrated that family B polymerases
are suitable for polymerase reactions involving base-mod-
ified nucleotides, compared with polymerases belonging to
families A and D (45,58,59). The results of the present
study indicate that family B polymerases with non or
moderate 3',5" exonuclease activity, such as Vent(exo-)
and KOD Dash, are also useful for polymerase reactions
involving sugar-modified nucleotides, although ribonu-
cleotides are generally poor substrates for most DNA
polymerases.

The effects of insertion intervals of 2’,4’-bridged nucleo-
tides in the templates would be well reflected, when the
polymerases were used at lower enzyme concentrations.
Extensions stopped discontinuously or at the particular
sites, for example, where the third, fifth or sixth residue
was incorporated (see gray bars in Figure 3). There may be
some sites at which distortion of the ternary complex
between extending-primer/template duplex and polymer-
ase would reach a local maximum, so that the polymerase
would likely dissociate from the duplex at these sites. This
would be supported by the result that extension did not
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Figure 3. Yield of the natural DNA generated by primer extension reactions involving natural DNA templates or various BNA templates together
with (1A-E, 2B-E, 3B-E and 4A-E) KOD Dash DNA polymerase, (SA—E) Tag DNA polymerase, (6A—E) Phusion HF DNA polymerase, (7A-E)
Vent(exo-) DNA polymerase and (8A-E) KOD(exo-) DNA polymerase. The reaction mixture contained templates (1A and 5SA-8A) T1, (1B and
5B-8B) T2, (1C and 5C-8C) T3, (1D and 5D-8D) T4, (1E and SE-8E) TS5, (2B) Te, (2C) T7, (2D) T8, (2E) T9, (3B) T10, (3C) T11, (3D) T12, (3E)
T13, (4A) T14, (4B) T15, (4C) T16, (4D) T17 and (4E) T18. The x-axis indicates the number of residues incorporated, and the y-axis indicates the
yield of the products. The asterisk (*), P and F on the x-axis represent degradation products, the primer and the full-length product, respectively. The
gray and black bars indicate the yields of the reaction at lower and higher enzyme concentrations, respectively. The relative SDs were less than £5%

for all reactions.

stop there and further proceeded in most cases when the
enzyme concentration was raised 10-fold (see black bars
in Figure 3). Interestingly, in the reaction with KOD Dash,
Vent(exo-) and KOD/(exo-) at lower enzyme concentra-
tions, the use of template T4 provided much better yields
of longer elongated products compared with T3, although
T4 contains K at shorter intervals than T3 (compare graph
1C with 1D, 7C with 7D, and 8C with 8§D). On the con-
trary, at higher enzyme concentrations, the products in

which over 11 nt were incorporated were given in higher
yield when T3 was used than when T4 was used;
the elongations stopped more promptly when T4 was
used rather than when T3 was used. These are presumably
because the conformation of the duplex with T3 does not
fit well within the DNA-binding site of the polymerases. In
the cases of TS, T9, T13 and T18 containing sequences of
seven successive Ks, Ls, Ms and Kys, all the polymerases
used except for KOD(exo-) could not accomplish
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extensions to give full-length products (graphs 1E-7E); a
full-length product was barely given in 3% yield using
KOD(exo-) at higher enzyme concentrations (graph SE).
In the reaction with the template TS5 using Vent(exo-) and
KOD(exo-) at higher concentrations, ~80 and 50% of
strands stopped eclongation after the ninth residue was
incorporated, although the nucleotides located on the
opposite side of the ninth to eleventh residues are not Ks
but natural Ts (graphs 7E and 8E). The polymerases seem
to run off the template BNA depending on the conforma-
tional strain around the 3’-end of extending strand.

The effects of chemical structures of bridged moieties
were found to depend on their ring size (graphs 1B-E,
2B-E and 3B-E). The bridged nucleotides K, L and M
involve five-, seven- and six-membered rings, respectively
(Figure 1). Use of templates containing bridged nucleo-
tides with a larger ring yielded shorter elongated products.
For example, extension mainly stopped after the sixth,
third and fifth nucleotide was incorporated when the reac-
tion was performed at higher enzyme concentrations using
template T5 containing Ks, T9 containing Ls and T13
containing Ms, respectively (see black bars in graphs
1E-3E). This is consistent with the steric bulkiness of
the bridged ring in the template strand.

The nucleobase type of the bridged nucleotide in the
template significantly affected the extension reaction, at
lower enzyme concentrations (see gray bars in graphs
1A-E and 4A—E). This might be due to the different ther-
modynamic stabilities of the base-stacking interaction
between the 3’-end of extending strand and the incoming
dATP or TTP. Also, it might be because the base ori-
entation toward the helical axis, which is constrained by
cross-bridging, resulted in unfavorable conformational
distortion adjacent to the active site of the polymerase,
so that the size difference between thymine and adenine
of the bridged nucleotide in the template may sensitively
be reflected in the distortion; the larger the base, the
greater the steric distortion. However, at higher enzyme
concentrations, extensions hardly stopped on the way, and
the full-length and longer elongated products were pro-
vided in high yields, except for templates TS and TI18
(see black bars in graphs 1B-D and 4B-D). The concen-
trations of KOD Dash DNA polymerase (0.025 and
0.05U/ul), set as higher enzyme concentrations in this
experiment, are within the range of values that the manu-
facturer recommends for polymerase reactions under stan-
dard conditions. Thus, KOD Dash polymerase could
transcribe the sequence information of the template
BNA to natural DNA strands under standard reaction
conditions not involving excessively high concentrations
of enzyme and substrate triphosphates, extremely long
reaction times (e.g. over an hour), etc.

Comparison of the initial rate of natural nucleotide
incorporation on modified templates

The initial rates (vg) of nucleotide incorporation opposite
K (2/,4'-bridged thymidine) and T (thymidine) were deter-
mined from a time-dependent decrease of the primer ratio
(%) to an extent of 0-15% or less (Table 2). The vy-values
were confirmed to reach almost plateau of the apparent

maximum rates (Vpax) at 800 uM of dNTP concentra-
tions in the experimental condition (data not shown).
Therefore, we used this dNTP concentration to obtain
values of v, that are close to V.. The ratio of the initial
rates (/') indicates the upper limit of a misincorporation
ratio and was calculated according to the equation

- (Vo)wrong - (Vi (Vmax/Km)wrong

(VO )correct ( Vinax / K )correct ’

because the apparent Michaelis constants (K,,) are nor-
mally (Km)wrong > (Km)correet 10 single-nucleotide incor-
poration reactions like this (46,47). Here, f is the
misincorporation ratio (48,49). The effect of the bridged
group on nucleotide incorporation (e¢) was calculated
according to the equation e = (Vo)bridged/(Vo)naturai- The vg
value itself has no quantitative meaning, because it
depends on the enzyme concentration. However, ratios
of vo-values (f” and ¢) in use of the same enzyme at the
same concentration reflect fidelities of DNA polymerases
used and effects of the bridged group in sugar moieties on
nucleotide incorporation. In the nucleotide incorporation
reactions opposite T using Vent(exo-) DNA polymerase,
the vg-value of the misincorporation was ~18- to 36-fold
lower than that of the correct incorporation, and similarly,
~9- to 29-fold lower in the incorporation reactions oppo-
site. K. These results indicate that the presence of the
bridged nucleotide K on the template, located opposite
the 3’-end of the primer, did not significantly affect the
incorporation accuracy. Also, KOD(exo-) DNA polymer-
ase showed the same tendency as above. Under this experi-
mental condition, the v, value of the correct incorporation
reactions opposite T using Vent(exo-) and KOD(exo-)
were 130%/min and 140%/min, respectively. Although
these values are at almost the same levels, the vy-value
of the misincorporation was found to be ~240- to 2300-
fold lower than that of the accurate incorporation when
KOD(exo-) was used. It is noteworthy that KOD(exo-)
DNA polymerase could clearly distinguish a correct sub-
strate from an incorrect one like this. The e-values were
0.42-0.86 for Vent(exo-) and 0.11-0.45 for KOD(exo-).
In either of the enzymes, the rate of incorporation oppo-
site K was found to virtually decrease compared to that of
the reaction opposite T.

ax)
ax)wrong ;f/ >f:

( Vmax correct

f/

Enzymatic incorporation of 2’,4’-bridged nucleotides

Finally, we investigated substrate properties of
2’ .4'-bridged nucleoside triphosphate analogs for thermo-
stable polymerases during a primer extension reaction.
Figure 4 shows that the elongated products, in which
two and three incorporated consecutive K nucleotides,
were mainly observed when KOD Dash was used. It was
observed that KOD Dash could incorporate up to two L
nucleotides, but only a single M nucleotide. The use of
Phusion HF allowed incorporation of two and three con-
secutive K nucleotides, but the longer one was a minor
product. The results are consistent with recent reports
by Veedu et al. (50,51). Under these conditions, the
primer was degraded by strong 3',5" exonuclease activity
of Phusion HF DNA polymerase when LTP or MTP was
used as well as the negative control. Optimization of
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Table 2. Natural nucleotide incorporation opposite modified/natural template using Vent(exo-) and KOD(exo-) DNA polymerase®

/ dNTP
5 FAM-- - -« -+« TGAGTGAGTA Primer P2
3 ACTCACTCATX -+ =+« + - 5 Template T1, T5
DNA X dNTP vy (% min~!) The ratio Effect of DNA X dNTP vy (% min~') The ratio Effect of
polymerase of the bridged polymerase of the the bridged
initial rate (/')° group ()¢ initial rate (/')° group (e)*

Vent(exo-) K A 57 1© 0.42¢ KOD(exo-) K A 55 1° 0.39¢

K G 2.6 0.046° 0.45¢ K G 0.12 0.0021° 0.38¢

K C 2.0 0.035° 0.53¢ K C 0.024 0.00044° 0.11¢

K T 6.4 0.11° 0.86¢ K T 0.23 0.0042° 0.454

T A 130 1© - T A 140 1¢ -

T G 5.8 0.045° - T G 0.31 0.0022° -

T C 3.7 0.028° - T C 0.22 0.0016° -

T T 7.3 0.057° - T T 0.51 0.0036° -

“Experimental conditions are described in Materials and methods section.

b . C. .
f’, the ratio of the initial rate; /"= (vVo)wrong/(Vo)corrects 1-€. (Vo)k.aGTP/(Vo)K.daTP> (Vo)K.dcTP/(Vo)K.daTP> (Vo)K,TTP/(VO)K.dATP> (VO)T.dGTP/(VO)T,dATPS

(vo)t.actp/(vo)T.aaTp and (vo)t1re/(Vo)T.dATP-

“These are correct incorporations; (vo)k aate/(vo)k.aate and (vo)r.aatp/(Vo)T.dATP-
d . UK NOT.AA .
e, effect of the bridged group on nucleotide incorporation; e = (Vo)bridged/(Vo)naturas 1-€. (Vo)k.aaTr/(Vo)T.aaTP> (Vo)k.aGTP/(VO)T.dGTPs (Vo)K.aCTP/

(vo)r.acte and (vo)k rre/(Vo)r.TTP-

A 1.2 3 4 5 M B 1 2 3 4 5 M
Full-length

Primer = = 5

—> e == -

i
l

il

Figure 4. Successive incorporation of 2'.4’-bridged nucleotides using
triphosphate analogs KTP (lane 3), LTP (lane 4) and MTP (lane 5).
Except for the positive control (lane 2), the reaction mixtures did not
contain natural TTP. The negative control does not contain any sub-
strate triphosphates (lane 1). The thermostable DNA polymerases used
were KOD Dash (A) and Phusion HF (B).

reaction conditions involving concentrations of enzyme or
the triphosphate analogs, reaction times, addition of man-
ganese chloride and use of a betaine enhancer solution
were attempted, but obvious improvement was not
observed.

CONCLUSION

Although the production of modified DNAs is limited by
the substrate specificity of the DNA polymerases, there
are many examples of the enzymatic preparation of mod-
ified DNASs by primer extension or polymerase chain reac-
tion (PCR) using base-modified triphosphate analogs
(52-68). Previously, we first showed that KOD Dash
DNA polymerase is suitable for enzymatic production of
modified DNA containing base-modified nucleotides (56).
Using this DNA polymerase, we prepared a modified
DNA library involving C5-modified thymidine and suc-
cessfully screened modified DNA aptamers bound to

sialyllactose, R-isomer of thalidomide derivative, and so
on by SELEX (23-25). Recently, Inoue et al. (69) reported
that double-stranded 4’-thioDNAs were directly amplified
by PCR using KOD Dash and triphosphates of 4’-thio-
nucleoside. Thus, KOD Dash DNA polymerase could
accept a broad range of nucleotide modifications and
might be best suited for enzymatic preparation of func-
tional modified DNA.

The BNA templates containing sequences of seven suc-
cessive 2/, 4'-bridged nucleotides Ks, Ls and Ms could not
be completely transcribed by any DNA polymerases used;
yields of longer elongated products decreased in the order
of steric bulkiness of the modified sugars. Successive
incorporation of bridged nucleotides into extending
strands using triphosphates KTP, LTP and MTP were
much more difficult. These data indicate that the sugar
modification would have a greater effect on the polymer-
ase reaction, when it is adjacent to the elongation terminus
than when it is on the template as well, as in base
modification.

Polymerase reactions under extreme conditions and
addition of manganese chloride would sometimes raise
frequencies of misincorporation (70,71). Therefore, it is
noteworthy that KOD Dash and KOD(exo-) DNA poly-
merases could smoothly read through the BNA templates
containing Ks or K4s at intervals of three nucleotides, two
nucleotides and one nucleotide, respectively, and produce
the corresponding complimentary natural DNA strand
even under standard enzyme concentrations. Similarly,
Vent(exo-) DNA polymerase also read through these
BNA templates; however, kinetic study indicates that
KOD(exo-) was found to be far superior to Vent(exo-)
in accurate incorporation of nucleotides.

Although further research into other types of DNA
polymerases, RNA polymerases and reverse transcriptases
will be conducted, our current results suggest that apply-
ing BNA to the SELEX method may difficult but
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not impossible; however, accurate transcription of natural
DNA from templates containing 2’,4'-locked/bridged
nucleotides at intervals of a few nucleotides by using
KOD Dash and KOD(exo-) DNA polymerases would
enable construction of non-SELEX selection systems to
create aptamers with BNA/LNA.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

This study was supported by a Grant-in-Aid for Scientific
Research on Priority Areas from the Ministry of
Education, Culture, Sports, Science and Technology of
Japan, and by PRESTO from the Japan Science and
Technology Agency. We would like to extend our
thanks to Toyobo Ltd. for generously providing
KOD(exo-) DNA polymerase. Funding to pay the Open
Access publication charges for this article was provided by
PRESTO.

Conflict of interest statement. None declared.

REFERENCES

1. Marx,A., Spichty,M., Amacker,M., Schwitter,U., Hiibscher,U.,
Bickle,T.A., Maga,G. and Giese,B. (1999) Probing interactions
between HIV-1 reverse transcriptase and its DNA substrate with
backbone-modified nucleotides. Chem. Biol., 6, 111-116.

2. Horhota,A., Zou,K., Ichida,J.K., Yu,B., McLaughlin,L.W.,
Szostak,J.W. and Chaput,J.C. (2005) Kinetic analysis of an efficient
DNA-dependent TNA polymerase. J. Am. Chem. Soc., 127,
7427-7434.

3. Kempeneers,V., Renders,M., Froeyen,M. and Herdewijn,P. (2005)
Investigation of the DNA-dependent cyclohexenyl nucleic acid
polymerization and the cyclohexenyl nucleic acid-dependent DNA
polymerization. Nucleic Acids Res., 33, 3828-3836.

4. Potapova,O., Chan,C., DeLucia,A.M., Helquist,S.A., Kool,E.T.,
Grindley,N.D. and Joyce,C.M. (2006) DNA polymerase catalysis in
the absence of Watson-Crick hydrogen bonds: analysis by single-
turnover kinetics. Biochemistry, 45, 890-898.

5. Kim,T.W., Brieba,L.G., Ellenberger,T. and Kool,E.T. (2006)
Functional evidence for a small and rigid active site in a high
fidelity DNA polymerase: probing T7 DNA polymerase with vari-
ably sized base pairs. J. Biol. Chem., 281, 2289-2295.

6. Tsai,C.H., Chen,J. and Szostak,J.W. (2007) Enzymatic synthesis of
DNA on glycerol nucleic acid templates without stable duplex for-
mation between product and template. Proc. Natl Acad. Sci. USA,
104, 14598-14603.

7. Gold,L., Polisky,B., Uhlenbeck,O. and Yarus,M. (1995) Diversity
of oligonucleotide functions. Annu. Rev. Biochem., 64, 763-797.

8. Santoro,S.W. and Joyce,G.F. (1997) A general purpose RNA-
cleaving DNA enzyme. Proc. Natl Acad. Sci. USA, 94, 4262-4266.

9. Breaker,R.R. (1997) In vitro selection of catalytic polynucleotides.
Chem. Rev., 97, 371-390.

10. Osborne,S.E. and Ellington,A.D. (1997) Nucleic acid selection and
the challenge of combinatorial chemistry. Chem. Rev., 97, 349-370.

11. Li,Y. and Breaker,R.R. (1999) Deoxyribozymes: new players in the
ancient game of biocatalysis. Curr. Opin. Struct. Biol., 9, 315-323.

12. Wilson,D.S. and Szostak,J.W. (1999) In vitro selection of functional
nucleic acids. Annu. Rev. Biochem., 68, 611-647.

13. Famulok,M., Mayer,G. and Blind,M. (2000) Nucleic acid aptamers-
from selection in vitro to applications in vivo. Acc. Chem. Res., 33,
591-599.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

. Berezovski,M., Musheev,M., Drabovich,A. and Krylov,S.N. (2006)

Non-SELEX selection of aptamers. J. Am. Chem. Soc., 128,
1410-1411.

Berezovski,M.V., Musheev,M.U., Drabovich,A.P., Jitkova,J.V. and
Krylov,S.N. (2006) Non-SELEX: selection of aptamers without
intermediate amplification of candidate oligonucleotides. Nat.
Protocol, 1, 1359-1369.

Latham,J.A., Johnson,R. and Toole,J.J. (1994) The application of a
modified nucleotide in aptamer selection: novel thrombin aptamers
containing 5-(1-pentynyl)-2’-deoxyuridine. Nucleic Acids Res., 22,
2817-2822.

Battersby,T.R., Ang,D.N., Burgstaller,P., Jurczyk,S.C.,
Bowser,M.T., Buchanan,D.D., Kennedy,R.T. and Benner,S.A.
(1999) Quantitative analysis of receptors for adenosine nucleotides
obtained via in vitro selection from a library incorporating a
cationic nucleotide analog. J. Am. Chem. Soc., 121, 9781-9789.
Santoro,S.W., Joyce,G.F., Sakthivel,LK., Gramatikova,S. and
Barbas,C.F. III (2000) RNA cleavage by a DNA enzyme with
extended chemical functionality. J. Am. Chem. Soc., 122,
2433-2439.

. Kusser,W. (2000) Chemically modified nucleic acid aptamers for

in vitro selections: evolving evolution. Rev. Mol. Biotechnol., 74,
27-38.

Perrin,D.M., Garestier,T. and Héléne,C. (2001) Bridging the gap
between proteins and nucleic acids: a metal-independent RNAse A
mimic with two protein-like functionalities. J. Am. Chem. Soc., 123,
1556-1563.

May,J.P., Ting,R., Lermer,L., Thomas,J.M., Roupioz,Y. and
Perrin,D.M. (2004) Covalent Schiff base catalysis and turnover by
a DNAzyme: a M?"-independent AP-endonuclease mimic. J. Am.
Chem. Soc., 126, 4145-4156.

Sidorov,A.V., Grasby,J.A. and Williams,D.M. (2004) Sequence-
specific cleavage of RNA in the absence of divalent metal ions by
a DNAzyme incorporating imidazolyl and amino functionalities.
Nucleic Acids Res., 32, 1591-1601.

Masud,M.M., Kuwahara,M., Ozaki,H. and Sawai,H. (2004)
Sialyllactose-binding modified DNA aptamer bearing additional
functionality by SELEX. Bioorg. Med. Chem., 12, 1111-1120.
Shoji,A, Kuwahara,M., Ozaki,H. and Sawai,H. (2007) Modified
DNA aptamer that binds the (R)-isomer of a thalidomide derivative
with high enantioselectivity. J. Am. Chem. Soc., 129, 1456-1464.
Ohsawa,K., Kasamatsu,T., Nagashima,J., Hanawa,K.,
Kuwahara,M., Ozaki,H. and Sawai,H. (2008) Arginine-modified
DNA aptamers that show enantioselective recognition of the
dicarboxylic acid moiety of glutamic acid. 4Anal. Sci., 24, 167-172.
Obika,S., Nanbu,D., Hari,Y., Morio,K., In,Y., Ishida,T. and
Imanishi,T. (1997) Synthesis of 2'-0,4'-C-methyleneuridine and
-cytidine. Novel bicyclic nucleosides having a fixed C3’-endo sugar
puckering. Tetrahedron Lett., 38, 8735-8738.

Obika,S., Nanbu,D., Hari,Y., Andoh,J., Morio,K., Doi,T. and
Imanishi, T. (1998) Stability and structural features of the duplexes
containing nucleoside analogs with a fixed N-type conformation,
2'-0.,4'-C-methyleneribonucleosides. Tetrahedron Lett., 39,
5401-5404.

Singh,S.K., Koshkin,A.A., Wengel,J. and Nielsen,P. (1998) LNA
(locked nucleic acids): synthesis and high-affinity nucleic acid
recognition. Chem. Commun., 4, 455-456.

Petersen,M. and Wengel,J. (2003) LNA: a versatile tool for thera-
peutics and genomics. Trends Biotechnol., 21, 74-81.

Jepsen,J.S. and Wengel,J. (2004) LNA-antisense rivals siRNA for
gene silencing. Curr. Opin. Drug Discov. Dev., 7, 188-194.
Jepsen,J.S., Serensen,M.D. and Wengel,J. (2004) Locked nucleic
acid: a potent nucleic acid analog in therapeutics and biotechnol-
ogy. Oligonucleotides, 14, 130-146.

Darfeuille,F., Hansen,J. B., Orum,H., Di Primo,C. and Toulmé,J.J.
(2004) LNA/DNA chimeric oligomers mimic RNA aptamers tar-
geted to the TAR RNA element of HIV-1. Nucleic Acids Res., 32,
3101-3107.

. Christiansen,J.K., Lobedanz,S., Arar,K., Wengel,J. and Vester,B.

(2007) LNA nucleotides improve cleavage efficiency of singular and
binary hammerhead ribozymes. Bioorg. Med. Chem., 15, 6135-6143.
Obika,S., Uneda,T., Sugimoto,T., Nanbu,D., Minami,T., Doi,T.
and Imanishi, T. (2001) 2’-0,4’-C-Methylene bridged nucleic acid



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

(2/,4-BNA): synthesis and triplex-forming properties. Bioorg. Med.
Chem., 9, 1001-1011.

Hari,Y., Obika,S., Ohnishi,R., Eguchi,K., Osaki,T., Ohishi,H. and
Imanishi, T. (2006) Synthesis and properties of 2'-0,4'-C-methyle-
neoxymethylene bridged nucleic acid. Bioorg. Med. Chem., 14,
1029-1038.

Rahman,S.M., Seki,S., Obika,S., Haitani,S., Miyashita,K. and
Imanishi,T. (2007) Highly stable pyrimidine-motif triplex formation
at physiological pH values by a bridged nucleic acid analogue.
Angew. Chem. Int. Ed. Engl., 46, 4306—4309.

Rahman,S.M., Seki,S., Obika,S., Yoshikawa,H., Miyashita,K. and
Imanishi, T. (2008) Design, synthesis, and properties of 2'.4'-
BNA(NC): a bridged nucleic acid analogue. J. Am. Chem. Soc., 130,
4886-4896.

Kuwahara,M., Nagashima,J., Hasegawa,M., Tamura,T.,
Kitagata,R., Hanawa,K., Hososhima,S., Kasamatsu,T., Ozaki,H.
and Sawai,H. (2006) Systematic characterization of 2’-deoxynu-
cleoside- 5'-triphosphate analogs as substrates for DNA poly-
merases by polymerase chain reaction and kinetic studies on
enzymatic production of modified DNA. Nucleic Acids Res., 34,
5383-5394.

Takagi,M., Nishioka,M., Kakihara,H., Kitabayashi,M., Inoue,H.,
Kawakami,B., Oka,M. and Imanaka,T. (1997) Characterization of
DNA polymerase from Pyrococcus sp. strain KODI and its appli-
cation to PCR. Appl. Environ. Microbiol., 63, 4504-4510.
Hashimoto,H., Nishioka,M., Fujiwara,S., Takagi,M., Imanaka,T.,
Inoue,T. and Kai,Y. (2001) Crystal structure of DNA polymerase
from hyperthermophilic archaeon Pyrococcus kodakaraensis
KODI. J. Mol. Biol., 306, 469-477.

Kovacs,T. and Otvos,L. (1988) Simple synthesis of 5-vinyl- and
S-ethynyl-2'-deoxyuridine-5'-triphosphates. Tetrahedron Lett., 29,
4525-4528.

Karthikeyan,G., Chary,K.V. and Rao,B.J. (1999) Fold-back struc-
tures at the distal end influence DNA slippage at the proximal end
during mononucleotide repeat expansions. Nucleic Acids Res., 27,
3851-3858.

Viguera,E., Canceill,D. and Ehrlich,S.D. (2001) In vitro replication
slippage by DNA polymerases from thermophilic organisms.

J. Mol. Biol., 312, 323-333.

Clark,J.M. (1988) Novel non-templated nucleotide addition reac-
tions catalyzed by procaryotic and eucaryotic DNA polymerases.
Nucleic Acids Res., 16, 9677-9686.

Sawai,H., Nagashima,J., Kuwahara,M., Kitagata,R., Tamura,T.
and Matsui,l. (2007) Differences in substrate specificity of C(5)-
substituted or C(5)-unsubstituted pyrimidine nucleotides by DNA
polymerases from thermophilic bacteria, archaea, and phages.
Chem. Biodivers., 4, 1979-1995.

Patel,P.H., Kawate,H., Adman,E., Ashbach,M. and Loeb,L.A.
(2001) A single highly mutable catalytic site amino acid is critical
for DNA polymerase fidelity. J. Biol. Chem., 276, 5044-5051.
Fiala,K.A. and Suo,Z. (2004) Pre-steady-state kinetic studies of the
fidelity of Sulfolobus solfataricus P2 DNA polymerase IV.
Biochemistry, 43, 2106-2115.

Goodman,M.F., Creighton,S., Bloom,L.B. and Petruska,J. (1993)
Biochemical basis of DNA replication fidelity. Crit. Rev. Biochem.
Mol. Biol., 28, 83-126.

Creighton,S., Bloom,L.B. and Goodman,M.F. (1995) Gel fidelity
assay measuring nucleotide misinsertion, exonucleolytic proofread-
ing, and lesion bypass efficiencies. Methods Enzymol., 262, 232-256.
Veedu,R.N., Vester,B. and Wengel,J. (2007) In vitro incorporation
of LNA nucleotides. Nucleos. Nucleot. Nucleic Acids, 26, 1207-1210.
Veedu,R.N., Vester,B. and Wengel,J. (2007) Enzymatic incorpora-
tion of LNA nucleotides into DNA strands. Chembiochem., 8,
490-492.

Sakthivel,K. and Barbas,C.F. III (1998) Expanding the potential of
DNA for binding and catalysis: highly functionalized dUTP deriv-
atives that are substrates for thermostable DNA polymerases.
Angew. Chem. Int. Ed., 37, 2872-2875.

Perrin,D.M., Garestier,T. and Héléne,C. (1999) Expanding the cata-
lytic repertoire of nucleic acid catalysts: simultaneous incorporation of

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Nucleic Acids Research, 2008, Vol. 36, No. 13 4265

two modified deoxyribonucleoside triphosphates bearing ammonium
and imidazolyl functionalities. Nucleos. Nucleot., 18, 377-391.
Thum,O., Jdger,S. and Famulok,M. (2001) Functionalized DNA: a
new replicable biopolymer. Angew. Chem. Int. Ed., 40, 3990-3993.
Lee,S.E., Sidorov,A., Gourlain,H., Mignet,N., Thorpe,S.J.,
Brazier,J.A., Dickman,M.J., Hornby,D.P., Grasby,J.A. and
Williams,D.M. (2001) Enhancing the catalytic repertoire of nucleic
acids: a systematic study of linker length and rigidity. Nucleic Acids
Res., 29, 1565-1573.

Sawai,H., Ozaki,A.N., Satoh,F., Ohbayashi, T., Masud,M.M. and
Ozaki,H. (2001) Expansion of structural and functional diversities
of DNA using new S-substituted deoxyuridine derivatives by PCR
with superthermophilic KOD Dash DNA polymerase. Chem.
Commun., 24, 2604-2605.

Tasara,T., Angerer,B., Damond,M., Winter,H., Dorhofer,S.,
Hubscher,U. and Amacker,M. (2003) Incorporation of reporter
molecule-labeled nucleotides by DNA polymerases. I1. High-density
labeling of natural DNA. Nucleic Acids Res., 31, 2636-2646.
Held,H.A. and Benner,S.A. (2002) Challenging artificial genetic
systems: thymidine analogs with S-position sulfur functionality.
Nucleic Acids Res., 30, 3857-3869.

Kuwahara,M., Takahata,Y., Shoji,A., Ozaki,A.N., Ozaki,H. and
Sawai,H. (2003) Substrate properties of CS-substituted pyrimidine
2'-deoxynucleoside 5'-triphosphates for thermostable DNA poly-
merases during PCR. Bioorg. Med. Chem. Lett., 13, 3735-3738.
Roychowdhury,A., Illangkoon,H., Hendrickson,C.L. and
Benner,S.A. (2004) 2’-Deoxycytidines carrying amino and thiol
functionality: synthesis and incorporation by Vent (exo-) polymer-
ase. Org. Lett., 6, 489-492.

Okamoto,A., Tanaka,K., Nishiza,K. and Saito,l. (2004) Synthesis
of an artificial hole-transporting nucleoside triphosphate, dMPATP,
and its enzymatic incorporation into DNA. Bioorg. Med. Chem., 12,
5875-5880.

Jédger,S., Rasched,G., Kornreich-Leshem,H., Engeser,M., Thum,O.
and Famulok,M. (2005) A versatile toolbox for variable DNA
functionalization at high density. J. Am. Chem. Soc., 127,
15071-15082.

Ohmichi,T., Kuwahara,M., Sasaki,N., Hasegawa,M., Nishikata,T.,
Sawai,H. and Sugimoto,N. (2005) Nucleic acid with guanidinum
modification exhibits efficient cellular uptake. Angew. Chem. Int.
Ed., 44, 2-6.

Kim,T.W., Delaney,J.C., Essigmann,J.M. and KoolLE.T. (2005)
Probing the active site tightness of DNA polymerase in subang-
strom increments. Proc. Natl Acad. Sci. USA, 102, 15803-15808.
Burley,G.A., Gierlich,J., Mofid,M.R., Nir,H., Tal,S., Eichen,Y. and
Carell,T. (2006) Directed DNA metallization. J. Am. Chem. Soc.,
128, 1398-1399.

Kuwahara,M., Hanawa,K., Ohsawa,K., Kitagata,R., Ozaki,H. and
Sawai,H. (2006) Direct PCR amplification of various modified
DNAs having amino acids found in proteins: convenient prepara-
tion of DNA libraries with high-potential activities for in vitro
selection. Bioorg. Med. Chem., 14, 2518-2526.

Sintim,H.O. and KoolLE.T. (2006) Remarkable sensitivity to DNA
base shape in the DNA polymerase active site. Angew. Chem. Int.
Ed., 45, 1974-1979.

Gierlich,J., Gutsmiedl,K., Gramlich,P.M., Schmidt,A., Burley,G.A.
and Carell, T. (2007) Synthesis of highly modified DNA by a com-
bination of PCR with alkyne-bearing triphosphates and click
chemistry. Chemistry, 13, 9486-9494.

Inoue,N., Shionoya,A., Minakawa,N., Kawakami,A., Ogawa,N.
and Matsuda,A. (2007) Amplification of 4’-thioDNA in the pre-
sence of 4’-thio-dTTP and 4'-thio-dCTP, and 4’-thioDNA-directed
transcription in vitro and in mammalian cells. J. Am. Chem. Soc.,
129, 15424-15425.

Goodman,M.F., Keener,S., Guidotti,S. and Branscomb,E.W. (1983)
On the enzymatic basis for mutagenesis by manganese. J. Biol.
Chem., 258, 3469-3475.

Beckman,R.A., Mildvan,A.S. and Loeb,L.A. (1985) On the fidelity
of DNA replication: manganese mutagenesis in vitro. Biochemistry,
24, 5810-5817.



